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Abstract Immobilization of gold nanoparticles on planar sur-
faces is of great interest to many scientific communities; chem-
ists, physicists, biologists, and the various communities work-
ing at the interfaces between these disciplines. Controlling the
immobilization step, especially nanoparticles dispersion and
coverage, is an important issue for all of these communities.
We studied the parameters that can influence this interaction,
starting with the nature of the terminal chemical function. Thus,
we have carefully grafted silanes terminated by either amine or
thiol groups starting from aminopropyltriethoxysilane
(APTES) or mercaptopropyltriethoxysilane. We also changed
the chain length for thiol-terminated layers through covalent
grafting of mercaptoundecanoic acid (MUA) on APTES-
modified layers, and the protocol of nanoparticles deposition
to evaluate whether other factors must be taken into consider-
ation to rationalize this interaction. The formed layers were
characterized by X-ray photoelectron spectroscopy and gold
nanoparticles deposition was monitored by scanning electron
microscopy and surface-enhanced Raman scattering. We ob-
served significant differences in terms of nanoparticles disper-
sion and density depending on the nature of the chemical layer
on silicon. The use of ultrasounds during the deposition process
was very efficient to limit aggregates formation. The optimal
deposition procedures were obtained through the use of
APTES and APTES/MUA functionalization. They were com-
pared in terms of coverage, dispersion, and densities of isolated
nanoparticles. The APTES/MUA surfaces clearly showed bet-
ter results that may arise from both the longer chain and the
dilution of thiol end groups.
Keywords Gold nanoparticles . Silicon surface . Silane
grafting . Surface functionalization . XPS . Scanning electron
microscopy
Introduction
The fabrication of solid substrates with gold nanoparticles
assemblies immobilized on their surface is currently the sub-
ject of growing interest because of the key role these sub-
strates could play in the development of several devices [1–3].
The physical and chemical properties of these devices will
depend not only on the size and shape of the gold nanoparti-
cles but also on their spatial arrangement and on the nature of
their interaction with the substrate surface [4–6]. Biosensors
represent one of the areas for which the use of nanoparticles is
booming. Indeed, biosensors are analytical tools whose effec-
tiveness is highly dependent on the accuracy of the measure-
ment and thus on its reproducibility [7, 8]. Input from gold
nanoparticles in this area is twofold: on the one hand, they
allow amplification of the signal transduction for many tech-
niques and, on the other hand, they can provide surface
nanostructuration [9, 10]. In both cases, achieving a densely
packed layer and a regular arrangement is crucial to ensure an
optimal amplification while preserving a reproducible and
quantitative response of transduction techniques [11, 12].
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Usually, the anchoring of gold nanoparticles on the solid
substrates is carried out by using an intermediate layer of organic
molecules grafted on the solid surface, whose terminal functional
groups are selected for their electrostatic or chemical interactions
with the nanoparticles [11–16]. These platforms should also be
stable over time and the interaction of the nanoparticles with the
surface should be strong enough to ensure that the nanoparticles
remains attached to the surface during further functionalization
and upon utilization. The molecules commonly used for the
functionalization of oxidized silicon wafer or glass slides are
organosilane with up to three hydrolysable groups (either −OR
or −Cl) that would react with the silanols groups from the
substrate surface and (at least) a nonhydrolysable group bearing
the terminal function responsible for the interaction with the gold
nanoparticles [17]. Among the large variety of available
organosilanes, aminopropyltriethoxysilane (APTES;
NH2(CH2)3Si(OCH2CH3)3) is, by far, the most studied surface
modifier (references [18–21] and references therein). APTES is
relatively easy to handle thanks to its moderate reactivity. Its
three hydrolysable ethoxy groups ensure a robust anchoring of
the silane to the surface (silanization step), whereas the amine
function of the aminopropyl group remains available for further
reaction. Terminal amine functions are extensively used
for surface functionalization because they easily react
with acid, aldehyde, or thiocyanates through covalent
bond. Moreover, amine groups have affinity to gold nano-
particles and are widely used to immobilize them through
electrostatic interactions [4, 11, 14].
The numerous studies dealing with the functionalization of
silica/oxidized silicon surface with APTES have shown
that the silanization step is very sensitive toward experi-
mental conditions and that the final surface state of the
modified substrate depends strongly on temperature, pres-
ence of water, concentration of APTES, and the duration
of the grafting step [18].
In this work, we studied the organic layer influence on the
grafting of gold nanoparticles on functionalized silicon sub-
strates. Our aim was to find the optimal experimental condi-
tions for both an optimal density and dispersion of gold
nanoparticles on silicon surfaces. For this purpose, we ex-
plored some of the parameters that can influence this interac-
tion, starting with the nature of the terminal chemical function.
In a first step, APTESwas used to form amine-terminated silane
layers. Then, starting from mercaptopropyltriethoxysilane
(MPTES), thiol-terminated silane layers were constructed. We
also changed the chain length for thiol-terminated layers
through covalent grafting of mercaptoundecanoic acid (MUA)
on APTES-modified layers. This latter functionalization proce-
dure was successfully used by Kaminska et al. to immobilize
CTAB-covered nanoparticles on silicon and reach a densely
packed layer [22]. X-ray photoelectron spectroscopy (XPS) and
contact angle measurements were used to characterize the
formed layers and the protocol of nanoparticle deposition was
modified, particularly using ultrasonication during the
deposition of the spherical gold nanoparticles. The
grafting of nanoparticles was monitored by surface-
enhanced Raman scattering (SERS). Finally, scanning
electron microscopy (SEM) was used to compare gold




N-ethyl-N ′-(3-(dimethylamino) propyl) carbodiimide hydro-
chloride (EDC; 98 %), sodium citrate (HOC(COONa)
(CH2COONa)2·2H2O; 99%), and gold(III)chloride trihydrate
(HAuCl4.H2O; ≥99.9%) were purchased from Sigma Aldrich.
N-hydroxysuccinimide (NHS; 97 %), 11-mercaptoundecanoic
acid (MUA; 95 %), (3-aminopropyl)triethoxysilane (APTES;
99 %) and (3-mercaptopropyl)trimethoxysilane (MPTES;
95 %) were purchased from Aldrich and ethylenediamine
(EDA; ≥99.5%) from Fluka. Silicon wafer <100> from Sigma
Aldrich was cut into 1×1 cm2 pieces. Sulfuric acid, 96 %
(H2SO4) and hydrogen peroxide, 30 % in water (H2O2) were
supplied by Carlo Erba. Toluene, acetone, and ethanol were
purchased from Analar Normapur. MilliQ water (18 MΩ,
Millipore, France) was used for the preparation of the solutions
and for all rinses. All chemicals were reagent grade or higher
and were used without further purification.
Surface chemistry
First, silicon surfaces were cleaned following a proce-
dure which includes several washing step, a treatment
with a piranha solution, and finally a treatment with UV
ozone. A detailed description of this procedure is given
in reference [18].
The same experimental conditions were applied for silane
grafting for the amine-terminated silane (APTES) and for the
thiol-terminated one (MPTES): the surface oxidized and
cleaned silicon wafer was immersed in a 50 mM solution of
silane in anhydrous toluene at 75 °C for 24 h. After
silanization step, the samples were washed twice, sonicated
for 10 min in anhydrous toluene, dried under nitrogen, and
heated at 90 °C for 2 h.
The MUA grafting was achieved after APTES deposition
on silicon surfaces. First, MUA solution was activated using a
mixture of EDC and NHS in ethanol during 90 min and then
the APTES-modified silicon surfaces were placed in the acti-
vated solution of MUA for 90 min, then washed twice in
ethanol and dried under nitrogen.
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Gold nanoparticles preparation and deposition
Citrate-stabilized gold nanoparticles (GNPs) were pre-
pared according to the standard method developed by
J. Turkevich and co-workers and refined by G. Frens.
Details on solution storage and particles dispersion are
given in references [11, 12].
Freshly synthesized Au NPs were then deposited, with no
further dilution, on the modified silicon surfaces for 2 h either
using a gentle agitation or using a sonication bath (Elma,
90 W, 45 kHz). Silicon substrates were then washed twice in
water and dried under nitrogen.
Characterization techniques
TEM Transmission electron microscopy measurements were
performed using a JEOL JEM 1011 microscope operating at
an accelerating voltage of 100 kV. The transmission electron
microscopy (TEM) grids were prepared as follows: typically
1.5 mL of the solution was centrifuged at 10,000 rpm
(equivalent to 11,200 relative centrifugal forces) for
10 min to precipitate the particles. The colorless superna-
tant was discarded. The heavy residue was redispersed in
a suitable volume of deionized water depending on the
quantity of the residue. Of this redispersed particle sus-
pension, 2 μL was placed on a carbon-coated copper grid
and dried at room temperature.
SEM Scanning electron microscopy images of the gold nano-
particles on the modified silicon wafers were obtained using a
SEM FEG Hitachi SU-70 scanning electron microscope with
a low voltage of 1 kV and distance of 1.9–2.3 mm; the
secondary electron detector “in Lens” was used. The distribu-
tion of gold nanoparticles on the surfaces was established
considering 1,000–1,500 particles.
Contact angle measurements Static water contact angles were
measured at room temperature using the sessile drop method
and image analysis of the drop profile. The instrument, which
uses a CCD camera and an image analysis processor, was
purchased fromKrüss (Germany). The water (Milli-Q) droplet
volume was 1 μL and the contact angle (θ) was measured 5 s
after the drop was deposited on the sample. For each sample,
the reported value is the average of the results obtained on
three droplets and the overall accuracy in the measurements
was better than ±5°.
XPS XPS analyses were performed with a PHOIBOS 100 X-
ray photoelectron spectrometer from SPECS GmbH
(Germany) with an monochromated Al Kα X-ray source
(hν=1,486.6 eV), operating at 10−10 Torr or less, in a “fixed
analyzer transmission” analysis mode with a 7×20 mm en-
trance slit, leading to a resolution of 0.1 eV. A 10 eV pass
energy for the survey scan and 10 eV pass energy for the small
regions were applied. The spectra were fitted using Casa XPS
software (version 2.3.13, Casa Software, UK).
SERS Surface-enhanced Raman scattering spectra were re-
corded in the 500–1,900 cm−1 range on a modular Raman
spectrometer (Model HL5R of Kaiser Optical Systems, Inc.)
equipped with a high-powered near-IR laser diode working at
785 nm. Before spectra acquisition, an optical microscope
(Olympus; objective, ×50) was used to focus the laser beam.
Measurements were carried using an objective ×100. The laser
output power was 10 mW, which corresponds to ∼1 mW on
samples. For each spectrum, 30 acquisitions of 5 s were
recorded to improve the signal-to-noise ratio. To ensure a
representative characterization of surfaces, a minimum of
three measurements were taken on different parts of the
surface.
Results and discussion
Silane grafting and surface characterization
Gold nanoparticles are commonly immobilized on amine-
terminated layers, through electrostatic interaction or on
thiol-terminated layers through covalent bonds. These two
terminations were compared herein through the use of APTES
orMPTES for silanization. AddingMUA on the APTES layer
would lead to a longer chain terminated also by a thiol func-
tion, and thus enabling us to establish the influence of an
additional parameter, namely, the hydrocarbon chain length.
The three chemical modification of silicon surfaces are shown
in Fig. 1. In a first stage, the efficiency of silane binding and
further chemical grafting was investigated through contact
angle measurements and XPS analysis of the functionalized
silicon surfaces.
Contact angle measurements were performed to investigate
the hydrophilic character of the three functionalized silicon
surfaces. The pictures obtained with the CCD camera and the
corresponding angles are shown in Fig. 2.
The initial clean silicon surface (Fig. 2a) was very hydro-
philic and the contact angle (<10°) could not be measured due
to drop spreading. This result confirms the efficiency of the
applied cleaning procedure to remove the organic contami-
nants from the surface [23]. Upon APTES grafting (Fig. 2b),
the measured contact angle was 83°, indicating a hydrophobic
layer. This result is in agreement with previously observed
values [18], the hydrophobic character, in apparent contradic-
tion with the hydrophilic terminal amine functions, is proba-
bly due to the folding of amine terminal function to form H
bonds with free silanol groups [24]. For the MPTES
functionalization, the contact angle was lower than for
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APTES-modified surfaces (∼61°). This higher hydrophilicity
may be due to the lower tendency of sulfur to form hydrogen
bonds; which could induce less folding of the silane chains.
But another possibility, that will be discussed hereafter, on
XPS data basis, is the incomplete coverage of silicon surface
by MPTES; this would indeed lower contact angle values as
the measured value will include a contribution of the
hydrophilic-bare silicon oxide. Finally, upon grafting MUA
on the APTES-modified layer, an even lower contact angle
was recorded, ∼40°, suggesting a higher hydrophilic character
of the resulting surfaces. The increase of hydrophilic character
with chain length was observed likewise by Wasserman et al.
upon assembling chloroalkylsilanes on silicon surfaces [25].
The most likely explanation is the increase of the layer crys-
tallinity and organization due to the increase of Van der Waals
interactions between alkyl chains [26]. This higher crystallin-
ity would reduce the folding of the terminal groups, thus
exhibiting the hydrophilic part of the grafted molecule on
the upmost of the surface [27].
The modified silicon surfaces were also characterized by
XPS analysis. The main XPS spectra are shown in Fig. 3. On
all the survey spectra, in addition to the silicon and oxygen
peaks arising from silicon wafers and the silica layer, carbon,
nitrogen, and sulfur for APTES/MUA- and MPTES-modified
surfaces were present. On the Si 2p peaks, shown in Fig. 3,
two contributions were observed; the first one at ∼99 eV,
arises from bulk silicon wafer Si0, and the second contribution
at higher binding energy, ∼103 eV is attributed to SiIV in both
oxide layer and grafted silanes. The ratio Siox/Si0 was calcu-
lated to compare silane coverage, assuming the silica layer
was similar in all cases. For the three surfaces, the values were
very close, 0.64, 0.62, and 0.56, for APTES, MPTES, and
APTES/MUA, respectively, suggesting similar average cov-
erages with silanes, and not enabling a precise comparison of
the amounts of grafted silanes.
The N 1s peaks included two contributions attributed to
amine groups [C–NH2] (at 399.8 eV) and protonated amines
C–NH3





Fig. 1 Schematic description of
the three functionalized surfaces
Fig. 2 Static water contact angles
pictures, and corresponding
angles; a cleaned (oxidized)
silicon wafer, b silicon-grafted
APTES, c silicon-grafted
MPTES, and d silicon-grafted
APTES/MUA
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upon grafting MUA, but it is difficult to discriminate the
contribution of amide nitrogen [C=O)–NH] from the amine
one [28]. The S 2p spectra showed the S 2p doublet at 163.6
and 164.9 eV for S 2p3/2 and 2p1/2, respectively, correspond-
ing to the sulfur in the SH groups.
For the APTES/MUA-modified surface, the ratio S/N cal-
culated using S 2p and N 1s peak was 0.24. Thus, despite the
large excess of MUA in solution, only ca. 24 % of amine
groups have reacted with the acid function of MUA. There-
fore, thiol-end groups on these surfaces are “diluted” and four
times less numerous than amine functions on APTES-
modified surfaces. In addition, the integration of the S2p for
both APTES/MUA and MPTES led to similar amounts of
sulfur. Therefore, the use of MPTES would have led to a
silane coverage four times lower than the use of APTES. This
low value is not surprising as it was established than the
terminal amine groups of APTES act as catalysts for silane
reaction with silanols, thus enhancing the efficiency of
grafting [24, 29]. We confirmed these observations by
performing the MPTES grafting using a small amount of
ethylenediamine as catalyst. The XPS results (see Electronic
supplementary material (ESM) 1) showed an increase of
sulfur amount by a factor of 3.7, indicating a silane cover
close to that obtained for APTES.
Gold nanoparticles deposition and characterization
Before interacting with the silane layers, the solution of gold
nanoparticles was characterized by UV–visible spectroscopy.
On this spectrum (see ESM), a narrow plasmon band was
present at 525 nm, indicating a homogeneous particle
size of ∼13 nm [30, 31]. Gold nanoparticles size and distribu-
tion were also confirmed by TEM images (see ESM 1).
Figure 4 shows the Raman spectra of functionalized silicon
surfaces before and after gold nanoparticles deposition. On the
Raman spectrum of the functionalized silicon surface before
the deposition of GNPs, the vibration bands of silanes could
not be seen and only silicon signal was observed around 500
and 1,000 cm−1 for the silica layer. After gold nanoparticles
deposition, a SERS effect is expected [32, 33]. For the three
functionalized surfaces, a Raman signal was observed,
evidencing the grafting of gold nanoparticles [34, 35].



























Fig. 3 XP spectra Si 2p, N1s, and S2p signals after APTES (a), APTES/
MUA (b), and MPTES (c) grafting on silicon surfaces







630 700 800 1040
1550Fig. 4 Raman spectra obtained
for gold nanoparticles deposited
on silicon surfaces modified by
APTES/MUA (a), APTES (b),
and MPTES (c). d Silane layers
prior to gold nanoparticles
deposition
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The main bands observed on SERS spectra arise from the
characteristic bands of citrates and mainly of the carboxylate
groups between 1,200 and 1,600 cm−1 [11, 36]. The ν (C–C)
arising from citrates and silane carbon chain formed massif of
bands in the region 900–1,100 cm−1. Some differences, related
to the different underlayer compositions, were observed and
highlighted on the figure. On APTES/MUA, bands were pres-
ent corresponding to ν (C–S)G at 630 cm
−1 and ν (C–S)T at
700 cm−1, which is absent from the APTES spectrum. The
intensities of the bands at 800 and 1,040 cm−1 arising from
amine functions were modified uponMUA grafting on APTES
and an additional band, amide II, appeared at 1,552 cm−1 [37].
Considering the citrates bands, the intensity of the signal
was dependent on the system: While APTES- and APTES/
MUA-modified surfaces led to similar intensities; the
MPTES-modified surfaces exhibited lower exaltation. This
may be due to a lower coverage of GNPs as discussed below.
Figure 5 shows SEM images recorded after deposition of
gold nanoparticles on APTES-, APTES/MUA-, and MPTES-
modified silane surfaces. In Fig. 5a, the images obtained when
nanoparticle deposition was carried out with a gentle agitation
are shown. The highest coverage in gold nanoparticles was
clearly observed on APTES/MUA-modified surfaces. Howev-
er, for the three surface functionalization nanoparticles, aggre-
gates are clearly observable with this deposition procedure.
When gold nanoparticles deposition was done under son-
ication, the largest nanoparticles aggregates were removed on
both APTES and APTES/MUA surfaces. On these two sys-
tems, the dispersion was also clearly improved. The GNPs
coverage on APTES was considerably increased. On MPTES
layers, no significant improvement was observed using the
sonication bath. The same results were obtained upon depos-
iting the nanoparticles on the MPTES catalyzed by
ethanediamine with or without sonication (images in the
ESM 1). The sulfur density at silicon surface is therefore not
a determining factor for this system.
Despite the improved dispersion and the removal of the
largest aggregates, a closer inspection of the SEM images at
higher magnification (Fig. 5c) showed the presence of small
aggregates especially on APTES layers. To compare efficient-
ly the dispersion on APTES and APTES/MUA layers, particle
distributions were quantified for these two functionalizations





















MPTES APTES/MUAFig. 5 SEM images of silicon
surfaces after nanoparticle
deposition without (a) and with



















Fig. 6 Gold nanoparticles distribution on APTES/MUA (dark) and on
APTES (bright)-modified layers
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The comparison of the aggregate size distribution for the
two functionalized surfaces clearly showed that the APTES/
MUA functionalization allowed a better dispersion of the gold
nanoparticles with a large fraction of isolated particles where-
as, on the APTES functionalized surface, the nanoparticles
formed higher amount of large aggregates. This better disper-
sion of gold nanoparticles on the MUA/APTES layer may
result from the dilution of terminal functions on this system,
24% SH onMUA/APTES vs 100%NH2 on APTES. Indeed,
similar behavior was observed using mixed thiol self-
assembled monolayers to immobilize proteins: the dispersion
was better when the terminal functions were diluted [38, 39].
The length of the alkyl chain induces also a better flexibility of
the organic layer that probably favors nanoparticles binding
compared to the MPTES layer [8].
Conclusion
We studied the organic layer influence on the grafting of gold
nanoparticles on functionalized silicon substrates. To this aim,
we grafted silanes terminated by either amine or thiol groups
starting from APTES or MPTES. A third layer, also terminat-
ed by a thiol function, was constructed by covalent attachment
of MUA on APTES-modified layers. XPS characterizations
confirmed the successful grafting of APTES and MPTES on
silicon surfaces. Upon adding MUA to the APTES-modified
layers, only 24 % of the amine functions reacted. Spherical
gold nanoparticles were then deposited on these layers. SEM
revealed that sonication during the deposition procedure lim-
ited the presence of aggregates on the surfaces. The higher
coverage in gold nanoparticles was observed on APTES and
APTES/MUA layers. SEM images also showed that gold
nanoparticles dispersion was better on APTES/MUA than
on APTES, with a larger fraction of isolated particles and
few aggregates. This system likely benefits from both the
dilution of terminal functions, 24 % SH, and the flexibility
of the organic layer.
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